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Two novel phosphoenolpyruvate carboxylase (PEPC) isoforms have been biochemically characterized from endosperm of developing castor oil seeds (COS). The association of a 107 kDa PEPC subunit (p107) with an immunologically unrelated bacterial PEPC-type 64 kDa polypeptide leads to marked physical and kinetic differences between the PEPC1 p107 homotetramer and PEPC2 p107/p64 heterooctamer. COS p107 is quite susceptible to limited proteolysis during PEPC purification. An endogenous asparaginyl endopeptidase appears to catalyze the in vitro cleavage of an approximately 120 amino acid polypeptide from the N-terminal end of p107, producing a truncated 98 kDa polypeptide (p98). Immunoblotting was used to estimate proteolytic activity by following the disappearance of p107 and concomitant appearance of p98 during incubation of clarified COS extracts at 4°C. The in vitro proteolysis of p107 to p98 only occurred in the combined presence of 2 mM dithiothreitol and high salt concentrations (particularly SO 4 2-and PO 4 2-salts). Although p107-degrading activity was present throughout COS development, it was most pronounced in endosperm extracts from older beans. Several protease inhibitors, including two commercially available protease inhibitor cocktails, were tested for their ability to prevent p107 proteolysis. All of the inhibitors were ineffective except for 2,2′-dipyridyl disulfide (DPDS), a relatively inexpensive and underutilized active site inhibitor of plant thiol proteases. Asparaginyl endopeptidase activity of COS extracts was unaffected by 20% (NH 4 ) 2 SO 4 when determined in the presence or absence of 2 mM dithiothreitol using a spectrophotometric assay based upon the hydrolysis of benzoyl-L-Asn-p-nitroanilide. Thus, we propose that the combined presence of 2 mM dithiothreitol and 20% (NH 4 ) 2 SO 4 promotes a p107 conformational change that exposes the N-terminal region asparaginyl residue where p107 hydrolysis is believed to occur.
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Introduction
Phosphoenolpyruvate carboxylase (PEPC; EC 4.1.1.31) is a ubiquitous and tightly regulated cytosolic enzyme in vascular plants that is also widely distributed in green algae and bacteria. PEPC catalyzes the irreversible β-carboxylation of phosphoenolpyruvate (PEP) to yield oxaloacetate and P i . The plant enzyme plays a pivotal photosynthetic role in primary CO 2 fixation by C 4 and CAM leaves (Chollet et al. 1996 , Izui et al. 2004 , Nimmo 2005 . PEPC also has a variety of additional important functions in plants, particularly the anaplerotic replenishment of tricarboxylic acid cycle intermediates that are withdrawn for biosynthesis and N assimilation. Most native plant PEPCs are homotetramers, comprised of identical subunits of ∼100-110 kDa, with crystal structures having been established for both the maize and Escherichia coli enzymes (Izui et al. 2004) .
During PEPC purification from developing castor oil seeds (COS), low and high M r PEPC isoforms termed PEPC1 and PEPC2, respectively, were resolved via gel filtration fast protein liquid chromatography (FPLC) (Blonde and Plaxton 2003) . COS PEPC1 and PEPC2 were shown to bear striking physical and kinetic similarities to previously characterized class 1 and class 2 PEPCs from the unicellular green algae Selenastrum minutum and Chlamydomonas reinhardtii (Rivoal et al. 1996 , Rivoal et al. 1998 , Rivoal et al. 2001 , Blonde and Plaxton 2003 . COS PEPC1 exists as a typical 410 kDa PEPC homotetramer of 107 kDa subunits (p107), whereas PEPC2 exists as an unusual 681 kDa hetero-octamer that contains the same p107 found in PEPC1 associated with an immunologically unrelated 64 kDa polypeptide (p64). Several p64 tryptic peptides were sequenced by Q-TOF mass spectrometry, and all were very similar or identical to portions of the deduced sequences of Arabidopsis and rice 'bacterial-type' PEPCs revealed through recent genome sequencing initiatives (Blonde and Plaxton 2003, Sanchez and Cejudo 2003) . Similarly, the unique green algal high M r class 2 PEPCs arise from a tight physical association between immunologically unrelated eukaryotic-and bacterial-like PEPC polypeptides (Rivoal et al. 1996 , Rivoal et al. 1998 , Rivoal et al. 2001 , Mamedov et al. 2005 . The association of the shared p107 subunit with p64 in COS PEPC2 leads to marked physical and kinetic differences between the PEPC1 p107 homotetramer and the novel PEPC2 p107/p64 heterooctamer. We hypothesized that PEPC1 (activated by glucose-6-phosphate; inhibited by malate, aspartate and glutamate) and PEPC2 (relatively insensitive to allosteric effectors compared with PEPC1) respectively support storage protein vs. storage lipid synthesis in developing COS (Blonde and Plaxton 2003) . Evidence for the in vivo regulatory control of both PEPC isoforms by reversible phosphorylation of their p107 subunit was obtained recently (Tripodi et al. 2005) .
Although protein synthesis and degradation are key metabolic events, the diagnosis and prevention of unwanted proteolysis during enzyme extraction and purification is a concern for all biochemists. Proteolysis has been a recurring problem not only during PEPC purification, but in plant enzymology in general (Gray 1982 , Storey and Wagner 1986 , Plaxton and Preiss 1987 , Plaxton 1991 , Negm et al. 1995 . The N-terminus of vascular plant PEPCs is vulnerable to limited in vitro proteolysis (Chollet et al. 1996 , Moraes and Plaxton 2000 , Blonde and Plaxton 2003 . This results in loss of a highly conserved N-terminal seryl phosphorylation site, leading to a marked decrease in PEPC's sensitivity to allosteric inhibition by L-malate (Chollet et al. 1996, Moraes and Plaxton 2000) . Initial COS PEPC purification trials resulted in a PEPC preparation composed of an equivalent ratio of p107 and 98 kDa (p98) proteinstaining polypeptides (Blonde and Plaxton 2003) . BLAST analysis of the N-terminal amino acid sequence of each polypeptide indicated that p98 is proteolytically derived from p107 due to the action of an endogenous asparaginyl endopeptidase that hydrolyzed an approximately 120 amino acid polypeptide from the N-terminus of p107.
Asparaginyl endopeptidase is a thiol protease that specifically cleaves at the carboxyl side of an asparagine residue. It has been implicated in proteolytically processing storage protein precursors into mature forms during COS maturation (Hara-Nishimura et al. 1993) . Asparaginyl endopeptidase catalyzed the very rapid in vitro degradation of leucoplast pyruvate kinase (PK p ; EC 2.7.1.40) following its extraction from developing COS endosperm (Plaxton 1991 , Negm et al. 1995 . Given the speed and specificity of this proteolysis, it was suggested that this protease might function in the in vivo elimination of PK p during the final stages of COS maturation (Plaxton 1991) . Asparaginyl endopeptidase is most active in maturing COS, and markedly decreases after the onset of germination (Hara-Nishimura et al. 1993, Cornel and Plaxton 1994) . It processes various COS storage pre-proteins into their mature forms, despite considerable differences in the molecular structures of the substrates (Hara-Nishimura et al. 1993) . It is possible that the same endopeptidase that causes the rapid in vitro degradation of PK p in COS endosperm extracts (Plaxton 1991 , Negm et al. 1995 ) is responsible for the in vitro N-terminal truncation of p107 to p98 during PEPC purification from this tissue (Blonde and Plaxton 2003) . A potential in vivo role exists for this asparaginyl endopeptidase in PEPC turnover during COS maturation, as significant amounts of p98 were detected on immunoblots of extracts prepared from fully mature (dry) COS that had been prepared under denaturing conditions (Blonde and Plaxton 2003) .
The successful purification of COS PEPC1 and PEPC2 isoforms containing non-proteolyzed p107 was achieved by the inclusion of the thiol protease inhibitor 2,2′-dipyridyl disulfide (DPDS) in the extraction and polyethylene glycol (PEG) pellet resuspension buffers (Blonde and Plaxton 2003) . Isolation of non-proteolyzed PEPC1 and PEPC2 from developing COS is required for our ongoing analyses of their respective physical, napus PEPC)-IgG, and immunoreactive polypeptides visualized using an alkaline phosphatase-tagged secondary antibody and chromogenic detection (Moraes and Plaxton 2000) . Lanes 1-6 represent pooled fractions obtained during a PEPC purification following the slightly modified protocol of Blonde and Plaxton (2003) immunological and kinetic/regulatory properties. However, as outlined below, the partial in vitro proteolysis of p107 to p98 unexpectedly reoccurred during a recent isolation of COS PEPC using a slightly modified purification protocol, despite the presence of 2 mM DPDS in the extraction and PEG pellet resuspension buffers that were used. The present study was initiated to diagnose systematically the cause of the partial proteolysis of p107 to p98. Our results indicate that in the absence of protease inhibitors, PEPC's p107 is actually very stable in vitro, except when COS extracts are incubated in the combined presence of dithiothreitol (DTT) and high salt concentrations.
Results
Unexpected partial proteolysis of p107 to p98 during PEPC purification from stage VII developing COS During PEPC1 and PEPC2 purification from stage VII developing COS, the partial in vitro degradation of their shared p107 subunit to a 98 kDa polypeptide (p98) was prevented by including 2 mM DPDS in the homogenization buffer and the resuspended 0-20% PEG pellets (Blonde and Plaxton 2003) . We slightly modified a subsequent COS PEPC purification scheme by slow overnight (14 h at 0.4 ml min -1 ) rather than rapid (1.25 h at 4 ml min -1 ) washing of non-absorbed proteins from the initial butyl-Sepharose hydrophobic column at 4°C with equilibration buffer [containing 20% (saturation) ammonium sulfate (AS) and 1 mM DTT]. PEPC was quickly eluted from this column at 3 ml min -1 with buffer containing 10% AS and 10% ethylene glycol. Subsequent purification steps involved FPLC on DEAE-Fractogel, HiLoad 16/60 Superdex 200 and Mono-Q 5/50 GL columns (Blonde and Plaxton 2003) .
Immunoblot and SDS-PAGE analysis of the final PEPC1 preparation revealed that a significant proportion of the p107 subunit had been degraded to p98 (Fig. 1A , lane 6; B, lane 1) despite the inclusion of 2 mM DPDS in the extraction buffer and the resuspended 0-20% PEG pellets. Immunoblotting of pooled fractions from each purification step demonstrated that this unexpected proteolysis occurred during butyl-Sepharose chromatography (Fig. 1A) .
In vitro degradation of p107 to p98 is promoted by the combination of high salt concentrations and DTT during incubation of clarified extracts from stage VII developing COS A clarified extract from stage VII COS was incubated without any protease inhibitors at 4°C for 21 h in the presence and absence of 2 mM DTT and several concentrations of AS. Aliquots were subjected to immunoblot analysis using affinitypurified anti-(Brassica napus PEPC)-IgG (Fig. 2) . Initially, a single immunoreactive p107 polypeptide was uniformly observed. No p107 proteolysis was detected when the extract was incubated with or without 2 mM DTT or 20% AS. However, the combined presence of both 2 mM DTT and 20% AS led to the appearance of an immunoreactive p98 proteolytic product that co-migrated with that observed for the proteolyzed preparation of purified COS PEPC1 (Fig. 2) . Following PEG fractionation of a freshly prepared COS extract, similar 2 mM DTT and 20% AS-dependent p107 to p98 degradation was observed after incubation at 4°C of the solubilized 0-20% PEG pellet in the absence of added protease inhibitors (results not shown).
Immunoblotting also helped to establish the relationship between AS concentration and the extent of p107 breakdown to p98 following incubation of the clarified COS extract with 2 mM DTT for 21 h. Proteolysis of p107 became obvious at 5% AS and appeared to maximize by about 10% AS (Fig. 2) . We next determined whether this effect was specific to AS, NH 4 + or SO 4 2-ions, or high ionic strength. As shown in Fig.   3A , p107 degradation in the presence of 2 mM DTT was generally promoted at high ionic strength by a variety of salts. However, the proteolysis of p107 to p98 during incubation of clarified extracts containing 2 mM DTT was most pronounced with relatively high concentrations of SO 4 2-or PO 4 2-ions (Fig.   3A ). Recent structural and kinetic studies demonstrated that high SO 4 2-concentrations bind to the probable glucose-6-phosphate allosteric activator site of maize leaf PEPC (TakahashiTerada et al. 2005) . However, in contrast to 5-20% AS or 1 M PO 4 2-, the presence of 5 mM glucose-6-phosphate failed to promote p107 to p98 proteolysis during a 21 h incubation of a clarified COS extract in the presence of 2 mM DTT (Fig. 2) . Influence of pH and protease inhibitors on p107 proteolysis during incubation of clarified extracts from stage VII COS in the presence of AS and DTT The relationship between incubation pH and the degree of in vitro p107 proteolysis to p98 in clarified extracts containing 20% AS and 2 mM DTT was assessed in the pH range 6.5-8.7. The extent and rate of p107 degradation to p98 was inversely proportional to the incubation pH. Maximal proteolysis was observed at pH 6.5, whereas no p107 proteolysis was evident when the extract was incubated at pH 8.7 for 21 h (Fig. 3B) .
A variety of compounds were tested for their ability to inhibit in vitro p107 proteolysis during incubation of clarified COS extracts at pH 7.5 in the presence of 2 mM DTT and 20% AS. The following compounds were ineffective as judged by immunoblot analysis of extracts incubated for 21 h at 4°C (Fig. 4 , and results not shown): EDTA, EGTA or L-malate (10 mM each); chymostatin, pepstatin A or leupeptin (10 µg/ml each); 10 µM L-(trans)-epoxysuccinyl-leucylamido 4-guanidino butane (E-64); 2 mM phenylmethylsulfonyl fluoride (PMSF); one tablet 50 ml -1 of protease inhibitor cocktail tablets (Roche, Product #11-697-498-001; contains an unspecified mixture of serine, thiol and metallo-protease inhibitors) or 10 µl ml -1 of a plant protease inhibitor cocktail [Sigma Chemical Company, Product #P-9599; contains an unspecified mixture of 4-(2-aminoethyl)benzenesulfonyl fluoride, bestatin, pepstain A, E-64, leupeptin and 1,10-phenanthroline]. In contrast, p107 degradation was entirely prevented by the presence of 2 mM DPDS (Fig. 4) .
DPDS effectiveness was tested further by purifying PEPC from endosperms of stage VII COS following the protocol of Blonde and Plaxton (2003) , but with the exclusion of additional protease inhibitors (i.e. chymostatin, leupeptin and PMSF) from the extraction buffer and solubilized PEG pellets. Addition of 2 mM DPDS to the homogenization and PEG pellet resuspension buffers, and various pooled fractions, coupled with rapid washing of non-absorbed proteins from the butylSepharose column, resulted in a homogenous preparation of non-proteolyzed PEPC1 (Fig. 1A, lane 7 ; B, lane 2) and PEPC2 (results not shown). We have noticed that DPDS loses its efficacy as a protease inhibitor when it is stored for several days as a 2 mM solution in aqueous buffer at 4°C, or as a concentrated (200 mM) methanolic stock at -20°C for several Fig. 3 Influence of various salts (A) and pH (B) on proteolytic susceptibility of PEPC's p107 subunit in clarified extracts from stage VII COS. Lanes labeled 'Pure PEPC' each contain 25 ng of purified proteolyzed PEPC1. (A) Extracts (pH 7.5) were incubated at 4°C in the presence of 2 mM DTT and various concentrations of ammonium, sodium or potassium salts as indicated. Aliquots were removed at t = 0 and 21 h and subjected to immunoblot analysis (25 µg protein per lane) as described in the legend for Fig. 1A. (B) Extracts at the indicated pH were incubated for up to 21 h (4°C) in extraction buffer lacking HEPES but containing 50 mM bis-tris-propane, 20% AS and 2 mM DTT. Aliquots were removed at various times and subjected to immunoblot analysis as described above. Fig. 4 Influence of malate and various protease inhibitors on proteolytic susceptibility of PEPC's p107 subunit in clarified extracts from stage VII COS. Extracts (pH 7.5) were incubated at 4°C in the presence of 2 mM DTT and 20% AS with various additions as indicated. 'Sigma P.I.C.' denotes 10 µl ml -1 of Sigma's plant protease inhibitor cocktail (product #P-9599), whereas 'Roche P.I.C' denotes one tablet 50 ml -1 of Roche's protease inhibitor cocktail tablets (product #11-697-498-001). Aliquots were removed at t = 0 and 21 h and subjected to immunoblot analysis (25 µg protein per lane) as described in the legend for Fig. 1A . The lane labeled 'Pure PEPC' contains 25 ng of purified proteolyzed PEPC1.
weeks (results not shown). For maximum effectiveness, 2 mM DPDS should be freshly prepared by dissolving the appropriate quantity in a minimum volume of methanol, followed by its addition to the extraction buffer immediately prior to tissue homogenization.
Developmental profile of p107-degrading activity during COS endosperm formation
Endosperm was collected at various stages of COS development, extracted in the presence of 2 mM DTT and 20% AS, and the resulting extracts incubated at 4°C for up to 48 h. Immunoblots of aliquots removed at different times indicated that although a p107-degrading activity is present throughout all stages of COS development, it is more prevalent in extracts prepared from older endosperm tissue (Fig. 5) . Notably, p107 degradation in extracts prepared from the youngest developmental stages was manifested mainly by the generation of an approximately 102 kDa polypeptide. In contrast, an identical incubation of extracts prepared from stage VII, IX or mature (dry) endosperm resulted in p98 accumulation.
Influence of AS and DTT on asparaginyl endopeptidase activity of stage VII developing COS
A spectrophotometric assay that quantifies the release of p-nitroaniline (pNA) from the hydrolysis of benzoyl-L-Asn-pnitroanilide (BZ-Asn-pNA) (Cornel and Plaxton 1994 ) was employed to assess the influence of 2 mM DTT and 20% AS on its activity in a clarified extract from stage VII COS. As previously observed (Cornel and Plaxton 1994) , the presence of 2 mM DTT enhanced its activity by about 40% (from 2.1 ± 0.16 to 2.9 ± 0.31 U gFW -1 ; means ± SE of n = 3 separate determinations). However, 20% AS exerted no influence on the asparaginyl endopeptidase activity of the COS extract measured in the presence or absence of 2 mM DTT.
Discussion
This study explored the basis for the unexpected partial proteolysis of p107 to p98 that occurred during isolation of PEPC from stage VII developing COS. Immunoblotting of pooled fractions from each purification step indicated that prolonged exposure of a relatively impure PEPC preparation to the butyl-Sepharose equilibration/wash buffer (contains 20% AS and 2 mM DTT) may have promoted this 'on bead' degradation (Fig. 1A) . This was investigated further by incubating a clarified COS extract at 4°C in the presence of 2 mM DTT and various AS concentrations. It is remarkable that no p107 proteolysis was evident when the clarified extract was incubated for 21 h with either 2 mM DTT or 20% AS. In their combined presence, however, an immunoreactive p98 proteolytic product was generated that co-migrated with that observed for the final preparation of partially proteolyzed COS PEPC1 (Fig. 2) . As thiol proteases are catalytically activated by low molecular weight thiols such as DTT (Storey and Wagner 1986) , the protease responsible for p107 to p98 degradation appears to be a thiol endopeptidase that co-purified with PEPC through PEG fractionation and hydrophobic interaction chromatography (Fig. 1) . Additional studies demonstrated that in vitro p107 proteolysis became apparent by about 2.5% AS during incubation of COS extracts containing 2 mM DTT, and maximized at 10% (or about 0.41 M) AS (Fig. 2) . This was not an AS-specific effect, as it was promoted at high ionic strength by a variety of salts (Fig. 3A) . However, the degradation of p107 to p98 during incubation of clarified extracts containing 2 mM DTT appeared to be most pronounced with relatively high concentrations of SO 4 2-or PO 4 2-ions. Examination of the pH dependency of p107 degradation in stage VII COS extracts incubated in the presence of 20% AS and 2 mM DTT for up to 21 h revealed that the most pronounced proteolysis occurred at pH 6.5, whereas no p107 proteolysis was evident at pH 8.7 (Fig. 3B ). An endogenous asparaginyl endopeptidase is believed to be the culprit responsible for p107 degradation to p98 (Blonde and Plaxton 2003) . Asparaginyl endopeptidase activity of developing COS extracts was partially characterized using a spectrophotometric assay that quantifies the release of pNA from the hydrolysis of BZAsn-pNA (Cornel and Plaxton 1994) . It displayed a similar pH activity profile, such that maximal activity was observed at acidic pH values, with negligible activity occurring at pH values >8.0. Asparaginyl endopeptidases represent a novel class of Fig. 5 Developmental profile of protease activity against PEPC's p107 in COS endosperm as judged by immunoblotting. Clarified extracts from each developmental stage were incubated at 4°C in the presence of 2 mM DTT and 20% AS for up to 48 h as indicated. Aliquots were removed at various times and subjected to immunoblot analysis (25 µg protein per lane) as described in the legend for Fig. 1A . The lanes labeled 'Pure PEPC' contain 25 ng of purified proteolyzed COS PEPC1. Developmental stages III, V, VII and IX correspond to heart-shaped embryo, midcotyledon, full cotyledon and maturation stages of endosperm development, respectively (Greenwood and Bewley 1982) . The lane labeled 'Dry Seed' designates a fully mature COS.
cysteine proteases that play an important role in storage protein processing during seed development and germination (including COS), and that show absolute specificity toward asparagine bonds in various polypeptide substrates (HaraNishimura et al. 1993, Cornel and Plaxton 1994) . The COS asparaginyl endopeptidase was activated by DTT and inhibited by thiol-modifying reagents such as iodoacetamide, confirming that it is a thiol protease (Cornel and Plaxton 1994) . It is apparent that the acidic pH optima of the COS asparaginyl endopeptidase was the reason for the influence of pH on p107 proteolysis during incubation of clarified COS extracts in the presence of 20% AS and 2 mM DTT (Fig. 3B) . However, we cannot discount the possibility that the enhanced proteolytic susceptibility of p107 that occurred as the incubation pH was lowered (Fig. 3B) was at least partially due to pH-induced p107 conformational changes that exposed the peptide bond where p107 cleavage to p98 occurs. The conformation of plant PEPCs is expected to be quite pH responsive since their activity (including that of COS PEPC1 and PEPC2) demonstrates markedly increased sensitivity to allosteric effectors and PEPC kinase-mediated phosphorylation as the assay pH is lowered from about pH 8.0 to 7.0 (Echevarria et al. 1994 , Blonde and Plaxton 2003 , Tripodi et al. 2005 .
A variety of protease inhibitors were tested for their ability to block the in vitro degradation of p107 to p98 that occurred when clarified COS extracts were incubated in the presence of 2 mM DTT and 20% AS. With the exception of DPDS, none of the inhibitors (including Sigma's plant protease inhibitor cocktail or Roche's protease inhibitor cocktail tablets) was effective (Fig. 3B) . Likewise, L-malate, an allosteric PEPC inhibitor reported to help prevent in vitro N-terminal truncation of maize leaf PEPC (Chollet et al. 1996) , and glucose-6-phosphate (PEPC allosteric activator) were ineffective (Fig. 2, 3B) . DPDS functions as a substrate analog of papain (an extensively studied thiol protease of papaya fruit) by specifically reacting with a cysteine residue in the active site of the native, but not denatured enzyme, even in the presence of thiol reducing agents such as DTT (Brocklehurst and Little 1973) . DPDS was used in the purification of non-proteolyzed green algal class 1 and class 2 PEPC isoforms (Rivoal et al. 2001) , as well as PK p , and PEPC1 and PEPC2 from stage VII developing COS (Negm et al. 1995, Blonde and Plaxton 2003) . DPDS is relatively inexpensive compared with protease inhibitors such as chymostatin, leupeptin, E-64 and commercially available protease inhibitor cocktails. It appears to hold much promise for biochemists wishing to prevent the unwanted in vitro proteolysis of plant enzymes by endogenous thiol proteases.
Examination of the developmental profile of p107-degrading activity during COS formation revealed that it is present throughout all stages of seed development, but becomes much more prevalent in extracts prepared from older (i.e. stage VII and IX) endosperm (Fig. 5) . Similar developmental profiles were obtained for the asparaginyl endopeptidase activity that hydrolyzed PK p and BZ-Asn-pNA in COS endosperm extracts (Plaxton 1991 , Cornel and Plaxton 1994 , Negm et al. 1995 .
Several mechanisms could account for the degradation of p107 to p98 when COS extracts containing 2 mM DTT were incubated in the presence of high salt concentrations. It is possible that the endogenous COS asparaginyl endopeptidase that appears to be responsible for the in vitro degradation of COS p107 (Blonde and Plaxton 2003) is directly activated by high salt concentrations. In a relevant study, Kotler et al. (1989) reported that high salt concentrations increased the activity of an avian retroviral aspartic protease. They also noted that high concentrations of both AS and NaCl caused a similar activation, indicating that the effect was not ion specific, but rather a result of high ionic strength (Kotler et al. 1989 ). However, 20% AS failed to activate the asparaginyl endopeptidase activity of stage VII COS extracts determined in the presence or absence of 2 mM DTT using the spectrophotometric assay based upon the hydrolysis of BZ-Asn-pNA. Similarly, rapid partial proteolysis of PK p by the asparaginyl endopeptidase occurred in the absence of high concentrations of AS or other salts following extraction of developing COS (Plaxton 1991 , Negm et al. 1995 . This suggests that in vitro degradation of PEPC's p107 that occurs in the presence of 2 mM DTT and 20% AS arises from a salt-induced p107 conformational change that exposes the N-terminal region asparaginyl residue where p107 hydrolysis to p98 is thought to occur. In a relevant study, TakahashiTerada et al. (2005) reported that high concentrations of SO 4 2-ions bind to the glucose-6-phosphate allosteric activator site of maize leaf PEPC. It was suggested that a high SO 4 2-concentration mimicked the P i residue of glucose-6-phosphate, thereby inducing PEPC conformational changes leading to enzyme activation (Takahashi-Terada et al. 2005) . As COS PEPC1 is activated by glucose-6-phosphate (Blonde and Plaxton 2003, Tripodi et al. 2005) , it is possible that high concentrations of PO 4 2-or SO 4 2-ions bind at the glucose-6-phosphate allosteric site and introduce a conformational change that makes p107 susceptible to partial degradation to p98. However, the presence of 5 mM glucose-6-phosphate failed to promote p107 to p98 proteolysis during incubation of a COS extract for 21 h (Fig. 2) . High ionic strength could nonetheless dehydrate the hydration shell surrounding the protein. As the shell of hydration is disrupted, the resulting conformation change may make p107′s cleavage site more readily accessible to the asparaginyl endopeptidase. Since increased enzymatic activity is dependent upon enhanced binding of the substrate, perhaps a strong ionic environment also promotes p107 binding to the asparaginyl endopeptidase due to the exclusion of water (Kotler et al. 1989) .
Concluding remarks
Our current and previous (Plaxton 1991 , Cornel and Plaxton 1994 , Negm et al. 1995 , Blonde and Plaxton 2003 studies provide strong circumstantial evidence that an endogenous asparaginyl endopeptidase mediates the in vitro degrada-tion of COS p107 to p98. However, the N-terminal cleavage site that results in p107 conversion to p98 cannot be definitively confirmed until a cDNA encoding COS p107 has been cloned and sequenced. Further studies are required to assess fully the possible contribution of this asparaginyl endopeptidase in the in vivo turnover of p107 during the final stages of COS maturation when PEPC activity and concentration are greatly reduced and p98 appears to accumulate in vivo (Sangwan et al. 1992, Blonde and Plaxton 2003) . Significantly, the current study demonstrates that high salt concentrations lead to pronounced in vitro proteolysis of p107 to p98 in the presence of DTT, but that 20% AS does not directly activate the asparaginyl endopeptidase of developing COS. The practical need to prevent this in vitro proteolysis during PEPC purification can be achieved through the use of DPDS and/or buffers adjusted to relatively alkaline (>pH 8.5) pH values. Our results also substantiate previous reports (Plaxton and Preiss 1987 , Plaxton 1991 , Rivoal et al. 2001 indicating that the routine addition of class-specific protease inhibitors and/or commercially available protease inhibitor cocktails to extraction buffers does not necessarily prevent any unwanted in vitro proteolysis of plant proteins by endogenous proteases. When antibodies are available, plant biochemists are strongly advised to employ immunoblotting to diagnose and prevent potential proteolytic truncation of the specific proteins that they are interested in characterizing.
Materials and Methods

Plant material
Ricinus communis L. (var Baker 296) plants were cultivated in Promix BX general purpose potting mixture (Premier Horticulture, Dorval, QC, Canada) in a greenhouse (10 inch diameter pots) at 24°C and 70% relative humidity under natural light supplemented with 16 h of artificial light (high-pressure sodium lamps). Fertilizer (20 : 20 : 20 at 1.5 g l -1
; Plant Products, Brampton, ON, Canada) was administered every 7 d. Pods containing COS at various stages of development (Greenwood and Bewley 1982) were harvested at mid-day, and endosperm (free of cotyledon) was rapidly dissected, frozen under liquid N 2 and stored at -80°C until used.
Preparation of clarified extracts and purified PEPC
Quick-frozen COS endosperm was routinely homogenized (1 : 2; w/v) using a Brinkmann PT-3100 Polytron (Mississauga, ON, Canada) in ice-cold 50 mM HEPES-KOH (pH 7.5), containing 25 mM NaF, 0.1% (v/v) Triton X-100, 20% (v/v) glycerol, 10 mM MgCl 2 , 5 mM thiourea, 50 nM microcystin-LR and 1% (w/v) poly(vinyl polypyrrolidone). Homogenates were filtered through two layers of Miracloth, and the filtrates centrifuged at 16,500×g for 5 min at 4°C. The supernatant was collected and recentrifuged for 5 min. In some experiments, 2 mM DTT and/or various protease inhibitors and salts were added to the resulting clarified extract. Protease inhibitor stock solutions were prepared according to Gray (1982) or Storey and Wagner (1986) . Aliquots (0.5 ml) of clarified homogenates were incubated at 4°C for up to 48 h. At various times, 50 µl aliquots were removed, immediately mixed with an equal volume of SDS-PAGE sample buffer, and boiled for 3 min for later analysis via SDS-PAGE/immunoblotting. PEPC purification from stage VII (full cotyledon) developing COS was as described in Blonde and Plaxton (2003) except for the changes mentioned in the Results, and that the final Superose 6 HR10/30 gel filtration FPLC step was replaced by ion-exchange FPLC on a Mono-Q 5/50 GL column. Final specific activities of proteolyzed and non-proteolyzed PEPC1 were 10.2 and 11.3 U mg -1 protein, respectively.
Asparaginyl endopeptidase assay
Quick-frozen COS to be analyzed for asparaginyl endopeptidase activity was homogenized in 50 mM Na-acetate (pH 5.4), containing 1 mM DTT and 5 mM thiourea, and filtered and centrifuged as described above. Asparaginyl endopeptidases activity in the clarified extract was quantified at A 584 using a spectrophotometric stop-timed assay to measure the release of pNA from the hydrolysis of BZ-AsnpNA as previously described (Cornel and Plaxton 1994) . The reaction mixture contained 50 mM Na-acetate (pH 5.4), 1 mM DTT and 0.8 mM BZ-Asn-pNA (added from an 8 mM stock dissolved in dimethylsulfoxide). The reaction was initiated by the addition of 0.075 ml of clarified extract, and the mixture (final volume = 0.5 ml) was incubated for 60 min at 25°C. Reactions were terminated by the addition of 0.125 ml of 6 M HCl. To enhance the assay's sensitivity, the pNA that was present in the 0.625 ml mixture was diazotized as previously described (Cornel and Plaxton 1994) . Control assays were conducted by the addition of boiled extract. All assays were performed in triplicate. One unit of asparaginyl endopeptidase activity is defined as the amount of enzyme yielding 1 nmol of pNA min -1 at 25°C. All assays were linear with respect to time and volume.
SDS-PAGE and immunoblotting, and protein concentration determination SDS-PAGE was performed in a Bio-Rad minigel apparatus according to the method of Laemmli (1970) using 0.75 mm thick slab gels and a 10% (w/v) monomer concentration for the separating gel. Electroblotting of the SDS gels onto poly(vinylidene difluoride) membranes and immunoblotting using affinity-purified rabbit anti-(B. napus suspension cell PEPC)-IgG was performed as described (Moraes and Plaxton 2000) .
Protein concentrations were determined with the Coomassie blue G-250 dye-binding method (Bollag et al. 1996) using bovine γ-globulin as the protein standard.
